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Abstract

The aim of this research project is to characterise two silicon epitaxial diode types with
structures differing with the presence of n+ guard ring in one type. These detectors will be
evaluated and ultimately assessed on their potential as a reliable commercial detector
system for newer radiation therapy modalities, with focus on its use in Intensity Modulated
Radiation Therapy Quality Assurance.

The detectors comprise of a p+ layer as its substrate and a p-type epitaxial layer, with n+
junction implanted. One of the detector types had an n+ guard ring surrounding the diode,
which was designed to minimise leakage current and limit the sensitive volume of the
detector.

This investigation showed that the guard ring was effective in minimising leakage current
when grounded, but left unconnected greatly increased the overall detector noise and lead
to a large decrease in collection efficiency. However, it was also seen that having the guard
ring grounded acted as a pathway to ground for charge carriers created during incident
radiation at low voltages, thus disqualifying it for use in passive mode. Comparing results
with the diode without the guard ring, the latter showed a slightly higher leakage current,
but overall higher collection efficiency and a low depletion voltage, thus it was more
suitable to be used as a during a clinical setting.

Clinical irradiations showed that the detector is dose rate independent across the range
between 50 and 600 MU/min, it shows a linear response to dose over the range of 0 to 100
MU and a depth dose profile congruent with results produced by ion chamber
measurements.

It was therefore concluded that the detector without the guard ring was the most suitable
option for measurements of IMRT radiation therapy.
-i-
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Chapter 1 – Introduction
Currently, it is predicated that 52.3% of all new cancer cases will require external beam
radiotherapy as part of their treatment [1]. With this high occurrence rate, there has been
an increased demand for better treatments and improved modalities that maximise tumour
control and to minimise damage to healthy tissue. One newer type of radiotherapy
treatment is Intensity Modulated Radiotherapy (IMRT) which uses multiple dynamic
beams of varying shapes and fluences.

As these treatments and plans become increasingly more complex, quality assurance is
used to ensure that patients are treated correctly and safely. However, current dosimetric
commercial systems only offer a pre-treatment dose verification, which fails to give any
indications of any possible changes during treatment, such as a deviation from the
treatment plan.

To address this problem, a solid state detector system has been developed that will not
only perform a pre-treatment quality assurance, but will also be used in-vivo, to ensure
that the dosage is delivered to the patient correctly.

This detector system, named “Magic Plate”, uses silicon epitaxial diode technology; a ptype substrate has been chosen for its well known radiation hardness and a small active
volume, to minimise the angular dependence of the response of the device. The design of
the system is based on two sets of detectors, one placed just below the LINAC jaw and
one embedded in a water equivalent plastic phantom. A pre-treatment verification will
allow the dose recorded within the phantom to be correlated to the fluence measured in
the magic plate at the gantry head. Thus, during treatment, the gantry detector array is
retained to allow for a verification of the fluence in real time to ensure it is the same as
pre-treatment.

-1-

Figure 1 - Magic Plate System within the Medical Linear Accelerator, Cylindrical phantom and
Readout System

Figure 2 - Medical Linear Accelerator Gantry Head with Magic Plate detector array
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The role of this study will be to characterise single elements of the Magic Plate detector
array, to determine their intrinsic electrical properties and verify the detectors suitability
for radiotherapy quality assurance. This study will give also a design feedback to improve
the performance of the detector and the electronic front end. The detector will be assessed
for its charge collection efficiency, baseline noise and optimal operation bias. The
detectors will also be used in measurements within a medical linear accelerator to give a
comparison of results with a standard ionisation chamber.
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Chapter 2 – Literature Review

2.1 Ionizing Photon Radiation
With respect to Gamma radiation, there are three main interactions to consider for the
transfer of photon energy. These processes are, photoelectric absorption, Compton
scattering and pair production. There is also a fourth interaction at low energies, called
coherent scattering but this does not transfer photon energy to interacting matter [2].

Figure 3 - Photon Cross Section of Interactions of Water for Energy range (1 KeV to 100 MeV)

Figure obtained from the National Institute of Standards and Technology Photon Cross
Section Database [3]
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Photoelectric Absorption
The photoelectric effect is the most prevalent interaction for low energy gamma rays. At
sufficient energies, a photon is completely absorbed by an atom and a photoelectron is
ejected from a shell. The energy of the ejected electron is given by

E e − = hν − Eb

(1)

Where E e is the photoelectron energy, h is Planck’s constant, ν is the frequency of the
photon and E b is the binding energy of the photoelectron in its original shell.
As an electron is ejected from a bound shell, a vacancy is left which is quickly filled by a
free electron in the matter or from an electron from another shell within the atom. As an
electron drops down to this vacancy, characteristic x-rays photons are also generated or
Auger electrons.

Compton Scattering
Compton Scattering is the process in which the incident photon is deflected by an angle
(θ) off its original direction and a portion of energy is transferred to an electron in the
material, which gives it kinetic energy. The scattered photon energy, being decreased
energy and dependent on the scattering angle is calculated by

hν

hν l =
1+

hν
(1 − cos θ )
m0 c 2

(2)

Where m 0 c2 is the rest-mass energy of the electron (0.511 MeV). Scattering angles from
0 to π are allowed, with minimal energy transferred at small angles, and maximum energy
at π.
For most type of radiation therapy, this is the interaction with the most effect.
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Pair Production – Electron Field
Once the gamma ray energy is larger than twice the rest-mass energy of an electron (1.02
MeV), the process of pair production is probable, and increases with larger energies. A
photon interacts with the Coulomb field of a nucleus, causing the photon to be converted
into an electron-positron pair. Excess energy is converted into kinetic energy, shared
between the pair. The positron will eventually be annihilated by an electron in the
absorbing material and two annihilation photons are produced, which can undergo further
photoelectric and Compton scattering interactions.

Coherent Scattering
Coherent Scattering is an effect when a low energy photon interacts with all the electrons
of an absorber atom but neither excites nor ionizes the atom. The photon is scattered by
an angle to its original path, but no energy is transferred and it retains its original energy.

2.2 Radiation Therapy
Radiation therapy, or Radiotherapy, is the treatment of cancer by use of ionizing
radiation. The goal of radiotherapy is to treat a malignant tumour with radiation to
destroy it, and to minimise the damage done to normal healthy tissue. A prescribed
dosage is delivered to a patient from an external beam or from a radioisotope, with the
desire to damage DNA cell structures within cancerous cells, causing them to die or to
reproduce more slowly, or to cause mutations so future generations fail to reproduce [4].

Radiotherapy uses a range of beam spectra for treatment, with different energies
prescribed for specific tumours. Orthovoltage/superficial x-rays are within the range of
50 to 300 keV and are generally used for superficial, small tumours such as skin cancers.
Megavoltage x-rays energies are typically 4 MeV to 18 MeV and advantages for such
large energies are not radiobiological effects, but the actual beam properties. Increasing
the energies of the x-rays increases the depth at which the maximum radiation dose is
deposited. Adjusting this energy allows for greater treatment control.
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2.2.1 Intensity Modulated Radiation Therapy
Modern radiotherapy, such as Intensity Modulated Radiation Therapy (IMRT), uses
conformal techniques which shape the irradiated volume to the target tumour and
attempts to keep the dose to surrounding tissues as low as possible. Dose is delivered to a
3D planned target by irradiating a patient with many beams at different directions and
entry points, and by modulating the fluence of the radiation field by use of multileaf
collimator (MLC). A MLC adjusts the size and shape of the radiation beam by adjusting
metal leaves, usually tungsten, to block out some areas and filtering others to vary the
beam intensity and precisely distribute the radiation dosage [5].

Due to the imprecise nature of the delivery, and the potentially devastating ability of the
radiation technique, the therapy is planned from medical images, and quality assurance
(procedures) tests are carried out to ensure that the correct dosage is delivered to the
correct position. Also, as the volume defined by the planning system and the delivery
must be precise to minimise damage to normal tissue, there are steep dose gradients on
the edges of the tumour planning volume, which must be measured before treatment. PreTreatment dose verification is generally performed by using film, and array detectors.

2.2.2 Dosimeters
“A radiation dosimeter is a device, instrument or system that measures or evaluates,
either directly or indirectly, the quantities exposure, KERMA, absorbed dose or
equivalent dose, or their time derivatives (rates), or related quantities of ionizing
radiation. A dosimeter along with its reader is referred to as a dosimetry system” [5].
Modern radiotherapy techniques, such as IMRT, require a new generation of radiation
dosimeters due to the complexity of the non-uniform beam, with high dose gradients and
time varying dose rate.
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2.3 Intensity Modulated Radiation Therapy Detectors
The ideal dosimeter for IMRT should exhibit the following characteristics: high spatial
resolution, high linearity, be accurate and precise, insensitivity to the photon energy
spectrum and must exhibit radiation hardness so that its recorded dose rate will not lose
sensitivity with repeated use [6].

To characterise the dose of the beam at a point, the dosimeter should be of a very small
volume and have the sensitive volume of the detector within the beam accurately
described. This equates to having a high spatial resolution as the dose can be resolved at
every point. Film has excellent spatial resolution, where it is only limited by the type of
read-out system. Thermoluminescent dosimeters (TLDs) can have a very small volume
and can approximate a point measurement giving good spatial resolution. Ionizing
chambers, as they are of finite size, are generally of low-spatial resolution.

Linearity is the characteristic of a dosimeter, where the reading given by the dosimeter
should be linear proportional to the dose. The linearity is dependent on the type of
dosimeter used and its physical characteristics.

Accuracy of a dosimeter is the ability of the dosimeter to measure the dosage with low
uncertainties. Precision of a dosimeter is the reproducibility of the measurement under
similar conditions and estimation of results in repeated measurements.

2.4 Array Detectors
There are 3 main types of array detectors for use of 2D dosimetry. They are:
•

Ionizing Chambers

•

Silicon Photodiode Pixels

•

Silicon Diode Pixels

-8-

2.4.1 Ionizing Chamber Array
In 2003, Amerio S, et al. designed a pixel-segmented ionization chamber array, to
perform 2D dose verifications of radiation fields with complex shapes and large
gradients. The detector’s main features were 2D readout capability, large detection area,
good homogeneity and dead time free readout, which are due to the use of ionization
chambers as opposed to diodes [7].
A total of 1020 detectors were distributed on a 23.6 x 23.6 cm2 area. Each chamber had a
4 mm diameter and 5.5 mm height and 7.5 mm from the centre of each detector to the
next (pitch). The sensitive volume of each single ionization chamber was about 0.8 cm3.

The input current from each chamber was integrated and a number of pulses proportional
to the charge collected by an individual chamber were sent to a 16-bit counter. An
ensemble of 64 channels had been integrated in a single very large scale integration
(VLSI) chip which was controlled by a National Instruments PCI card and a LabView
interface. Using this system, a read out cycle for the 1024 pixels took a time as short as
500 μs.
This device found reproducibility of experiments to be within 0.5% and a stability of over
a 7 month period to be within 1.3%. It also displayed a linear dependence on signal
output with dose and successfully showed no dependence on integral dose, or dose build
up over time.

This detector was then evolved into the commercial I’m RT MatriXX, which is coupled
with a sophisticated software platform. It is capable of measuring a dose rate of 0.02 – 20
Gy/min, and has a resolution of 7.62 mm, which is claimed to be reduced down to 1 mm
by a linear interpolation post-processing [8].

-9-

Picture 1 - The current commercial ImRT MatriXX model

Picture obtained from [9]

2.4.2 Silicon Photodiode
In 1999, Y. El-Mohri, et al. used a light sensitive amorphous silicon photodiode coupled
to an a-Si:H thin-film transistor pixel detector to perform relative dosimetry. An array of
photodiodes consisting of 512 x 512 pixels with a pixel pitch of 508 μm, giving a total
area of 26 x 26 cm2, was used [10]. The photodiode not only detects radiation, but stores
charge until the readout system is ready to measure it.

Array readout was performed on a row by row basis and integrating the charge from each
pixel in an external charge sensitive preamplifier circuit located at the end of each data
line. Analogue signals from the preamplifiers were then digitized to 15 bits. Continuing
this process until all rows on the array, or some specified number of rows, are addressed
constitutes a readout cycle.

The array readout was synchronized with the radiation source, so there would not be any
radiation delivered during a read out. Characterization of this detector showed a high
linear response throughout the signal range considered. The results also demonstrate
excellent stability of the response of the flat-panel detector both in absolute and relative
terms.
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In 2005, a continuation of Y. El-Mohri work was made with the Active Matrix Flat Panel
Dosimeter (AMFPD) for in-phantom dosimetric measurements. It was modified for
higher dose ranges, and designed to be a replacement for film in water equivalent
phantoms. To increase the dynamic range of the detector, the image acquisition
electronics for the system were modified from the original AMFPI to incorporate
preamplifiers whose gains were matched to the full pixel charge capacity [11].

2.5 Silicon Diode Dosimeters
Silicon diode dosimeters are depleted by a reverse bias voltage applied on its electrodes.
Charge is created when ionisation radiation enters the depleted volume of the diode
which is swept by the electric field to the electrodes. It is then processed by the read-out
electronics, which can perform signal amplification, discrimination and counting [12].

Silicon is appealing in the use of radiation detectors as it has many attractive
characteristics. It has a low ionization energy (~3.6 eV/pair) meaning the sensitivity is
high and thus, a good signal can be obtained. There is a linear relationship between the
charged particle energy crossing the diode and the electron/hole pairs produced along the
track of the particle. Silicon has a long mean free path which allows for good charge
collection efficiency as there is a higher probability of the carrier reaching the diode if
created in the depletion region. It has a high mobility (electron: 1350 cm2/V s, holes: 480
cm2/V s) at room temperature, allowing for a fast charge collection. And perhaps one of
the most important factors is that the technology is well developed for silicon. [2]
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2.5.1 Silicon Diode Pixel Detectors
Developments in semiconductor technology have now allowed for the construction of
highly efficient and low noise pixel detectors to be used in ionizing radiation dosimetery.
Improved electronics allows for fast digital signal processing in each pixel which is then
processed to give a detailed dose analysis. A 2 dimensional pixel detector is an array of
individual silicon detectors, each with its own specific efficiency, sensitivity and noise,
which have been attempted to be made uniform across the array.

In 2003, a characterization was performed on a prototype of the Sun Nuclear MapCheck
2D silicon diode array detector. The MapCheck consists of 445 N-type diodes that are in
a 22 x 22 cm2 2-D array with variable spacing between diodes. Each detector has an
active area 0.8 x 0.8 mm2. These N-type diodes are designed to be very resistant to
damage by radiation compared to N-type diodes available for commercial purposes
earlier than 2001 [13].

Each detector is connected to the input of a low leakage, high gain MOSFET operational
amplifier, which integrates the signal during irradiation. Signal processing is done by a
personal computer connected through an amplifier interface circuit.

It is now in its production design, and the MapCheck system is marketed as the
worldwide leader in film-less IMRT Quality Assurance. It claims that due to its active
area of only 0.8 x 0.8 mm2, it displays superior spatial resolution over larger sized
ionization chambers, which will lead to pinpoint dose readings [14].

In 2007, Menichelli D and Bruzzi M designed and tested their own type of silicon
segmented pixel detectors. A 6.29 x 6.29 cm2 module was manufactured and assembled
with the read-out electronics. Each pixel element is 2 x 2 mm2 and the distance centre-tocentre is 3 mm. The sensor is composed of 21 x 21 pixels, giving a total of 441 channels
all together. Nine of these were fitted together to make a 20 x 20 cm2 field and a total of
3969 channels were made [15].
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Readout was obtained by integrating the current from each channel through a low-bias
operational amplifier, and then digitizing by a 12 bit, 64 input channel commercial DAQ.
A frame clock was used to reset the integration time, by use of a voltage controlled
oscillator, which allowed for variation. However, in order to make the read out
electronics: a) more compact, b) require less power and c) involve less connections and
wires, an integrated circuit device was employed to replace most of the amplifiers. It
began to use the TERA Chip, designed by Turin INFN division and produced by
Wellhofer-Scanditronix [16].

Characteristics of this detector were found to be that it displayed a large linearity of dose
to signal output, over the range of 1 cGy to 550 cGy. It was found to be dose rate
independent in the range of 40 cGy/min to 350 cGy/min, but did however display some
energy dependence, as silicon is not water equivalent.

2.6 TERA Chip
The TERA chip is used in the detector readout prototype as it allows for large scale
integration of charge for 64 channels per chip and serves as the frontend electronics for
the system. The INFN and University of Torino developed in the last few years (from
2005), a group of multipurpose chips for read out of detectors. Using up to 64 channels,
and connected in parallel, the current from each input is measured and its charge detected
is converted into counts. It is intended to serve as a front-end electronic read-out for
detectors to monitor and measure radiotherapy beams. It is CMOS (Complementary
metal–oxide–semiconductor)

compatible

technology

commercialise.
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The current to frequency converter is a complex circuit based on an integrator, a quantum
charge capacitor, voltage comparators and pulse generators. The current charges the
quantum capacitor up; when the voltage across the capacitor ramps up towards and
reaches the threshold defined by the ancillary electronics, a current pulse is sent to the
input and subtracts the amount of charge placed onto the capacitor. When the current
pulse is sent to the input, a pulse is also set to a digital counter. This cycle is repeated
until the input current is null. The number recorded by the counter is then a multiple of
the quantum charge and proportional to the total charge generated within the detector.

Each channel is equipped with a current to frequency converter and a 32 bit counter to
store the data. These are all then connected to a multiplexer (MUX) which is the output
for the chip.

Characterisation of this device shows that the linearity deviates only to 1.5% for an input
range of 104. The background current (open input) is on average 230 fA.

The use of this chip will be instrumental in making front-end electronics much more
compact, less power consuming and a much more convenient and viable option for use
with dosimetry and spectroscopy.

2.7 Electrical Characteristics of Semiconductor Detectors
Performing the electrical characteristics of a semiconductor detector prior to use is
essential to guaranteeing the performance of the detector. This is true especially when the
final version of the detector is a large array of single diodes. The electrical properties
such as capacitance, depletion voltage and leakage current are important as they
contribute to the sources of noise of the detector prior to readout, the particle detection
efficiency and spatial resolution [2]
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The depletion voltage is approximated by first measuring the bulk capacitance C as a
function of the applied reverse bias V b . The depletion voltage can then be determined by
fitting two lines across the two linear regions around the knee in the plot 1/C2 as a
function of V b . This is described by equation (7) on the following page. This will give us
the minimal voltage to obtain a reasonable signal and over-depleting the detector by
increasing the bias will maximise the charge particle collection efficiency and hence
signal output.

2.7.1 Current-Voltage Characteristics
Current-Voltage Characteristics study is important within the field of semiconductor
detectors as a device with a low reverse current over its range of operation voltage
minimises noise and improves energy contribution. A measurement of the leakage current
made over a range of voltages determines the baseline signal, i.e. noise, of the detector
without any irradiation and hence, in conjunction with the depletion voltage information,
is used to determine a suitable detector operation voltage that will give a high signal to
noise ratio.

The Ideal p-n Junction
For the ideal p-n junction, the current-voltage characteristics are modelled by the
Shockley Diode Equation [17]. This gives the current density, J, for an applied bias as:

 qV

J = J S e kT − 1



(3)

Where J s is the saturation current density, q is the fundamental charge of an electron, k is
the Boltzmann constant and T is the temperature in Kelvin.
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When a reverse bias is applied across the junction larger than 26 mV, the current density
is equal to -J s .

2.7.2 Capacitance-Voltage Characteristics
The C-V characteristics for an ideal p-n junction can give the depletion layer width, W,
the effective impurity concentration of the detector, N eff , and the total electrostatic
potential between the p-side and the n-side neutral regions at thermal equilibrium, V bi .
In equilibrium, the depletion layer width [17] is given by

W=

2ε sVbi
qN eff

(4)

Where ε s is the semiconductor dielectric permittivity and q is the fundamental charge.
Applying a reverse bias across the junction increases the width of the depletion region
and is given by

W=

2ε s (Vbi − V )
qN eff

(5)

where V is negative for reverse bias and positive for forward bias. The Capacitance per
unit area is given by the equation

qε s N eff
εs
=
W
2(Vbi − V )

(6)

2(Vbi − V )
1
=
2
qε s N eff
C

(7)

C=

Thus, plotting the 1/Capacitance per unit area squared will yield a straight line, with the
y-intercept when V is equal to the built in potential V bi , and the slope of the line gives the
impurity concentration N eff .
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2.8 Ion Beam Induced Charge Collection
Ion Beam Induced Charge Collection (IBICC) experiments use a pencil ion microbeam of
fixed energy to scan detectors, and determine the spatial distribution of charge collection
on the surface of a detector. Using the Australian Nuclear Science and Technology
Organisation (ANSTO) Ion Beam Analysis (IBA) facility’s high energy, heavy ion
microprobe, an ion beam was scanned over the Diode detector and its electrical response
was recorded [18].

This experiment is extremely useful because it gives insight into the sensitive regions of
the detectors by showing regions where specific beam energies was collected. It is
expected that the maximum beam energy is within the region n+ diode.

As a set ion beam energy were used for the experiments, the charge collection efficiency
of the detector at certain voltages can be determined by comparing the beam energy with
the energy of the main peak on the MCA spectra to the ion beam.

2.9 Medical LINAC Experiments
A Varian 2100C Linear Accelerator (LINAC) was used to irradiate the Silicon Epitaxial
Diode detector with 6 MeV X-rays. The following detector parameters were investigated:
•

Linearity of Diode over varying dose rates

•

Linearity of Diode over varying dose

•

Dose Rate Dependence on 1/r2

•

Relative Depth Dose Dependence in comparison with an ionization chamber

A diode detector suitable for IMRT dosemetric measurements should have a response
independent of the dose rate used and a detector response that is linear over a dose range.
It should also correctly exhibit the 1/r2 response for varying the Source to Surface
Distance (SSD) [4]
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Chapter 3 – The Silicon Epitaxial Diode and Readout Systems

3.1 Diode Description
The Silicon Epitaxial Diode detector was designed by the Centre for Medical Radiation
Physics, Wollongong, for use in IMRT Quality Assurance. It was fabricated by the SPOBIT Detector Ltd., Ukraine. There are two versions of the detector, one with an n+ guard
ring surrounding the n+ diode (Version A), and one without (Version B). The diodes
feature a 420 μm p+ wafer base, with a 2 μm SiO 2 layer separating the p-type epitaxial
layer. The epitaxial later is 50 μm thick. The diode B has a planar structure based on a p+
junction to realise the anode and an n+ implantation for the cathode; the version B of the
samples has the same structure plus n+ junction to make the guard ring.
The p+ substrate layer has a resistivity of 0.001 Ω·cm, while the epitaxial layer is 100
Ω·cm. From Appendix 1, it follows that the p+ substrate has an impurity concentration of
1020/cm3, while the epitaxial layer has an impurity concentration of 1014/cm3.

Figure 4 - Silicon Epitaxial Diode with Guard Ring (Version A)
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Figure 5 - Silicon Epitaxial Diode without Guard Ring (Version B)

Picture 2 - Silicon Epitaxial Diode with Guard

Picture 3 - Silicon Epitaxial Diode without

Ring

Guard Ring

- 19 -

3.1.1 FPGA Readout System
A Field Programmable Gate Array (FPGA) electronics system was used to perform
acquisitions of external beam radiation. The FPGA readout system comprises of: the
detector which converts the radiation interaction with silicon in a current, an active
current to voltage converter and a differential amplifier stage where the signal is sent over
twisted pairs from the analog interface box to the digital FPGA readout electronics; the
analog differential signal is converted by an high speed ADC (Analog to Digital
Converter) and then acquired by the FPGA. The digital information is sent to the PC by
an USB2.0 interface implemented directly into the FPGA firmware. The system has also
been designed to provide the detector bias voltage (within the range of 0 down to -100V).

A detector mounted onto a kapton carrier is biased by -20 V, and connected to an active
current to voltage convertor. Radiation events occurring within the detector are recorded
as a current pulse. The current pulse is then converted into a voltage pulse of a height
corresponding to the overall current. This pulse is then sent to the differential signal
transmission line which allows for signals to be transmitted by sending out the pulse and
an anti pulse, which will recombine at the other side. This is used to eliminate random
noise generated within the line.

High Voltage Bias

Detector
with no
Guard
Ring

Transimpedance Amplifier

Differential signal transmission line

Figure 6 – Schematic of detector and current to voltage convertor and transmission line
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The signal than is sent to the FPGA readout system board, where the Analogue to
Digital Converter processes the signal. The height of the pulse is allocated a digital
number of 16 bits and then the FPGA samples this input data using a clock from the
firmware and writes it into a FIFO (First In, First Out) memory buffer. Once the
buffer is filled, the data is sent to the PC via USB at 16kbits per packet.

ADC

Voltage
Regulator

FPGA

Picture 4 - FPGA readout system board, with high voltage regulator and ADC
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3.2 Diode Array (Magic Plate)
Versions A and B were arranged into a grid array onto individual boards to perform beam
field measurements. The detectors are mounted onto a polyimide board of 16.0 x 23.4
cm2 and 0.3 mm thick. The detector array consists of 121 detectors, arranged in an 11 x
11 grid. The pitch horizontally and vertically is 1 cm, and grid covers an active region of
10 x 10 cm2. The detectors are connected to two SCSI-II connectors which go to a TERA
chipset interface, and to the National Instruments card and LabView acquisition system.

Picture 5 - Detector Array Board
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3.2.1 LabView Acquisition system
The Read-out system to be used for the Epitaxial diode Array was built upon an already
successful interface for the Centre for Medical Radiation Physics Dose Magnifying
Glass. The Dose Magnifying Glass is a silicon strip detector comprising of 121 strips
connected to the TERA chip system. Using this read system that displayed data as a
continuous line from channel 0 to 128 (7 channels are used as a reference and
information packets) which refreshed with new data at specified time intervals and could
be run continuously or for a specified time.

Figure 7 - Dose Magnifying Glass LabView Interface
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The LabView read out interface was altered to convert the data into an 11 by 11 array,
removing unwanted channels and graphing the data into a colour map, with an adjustable
colour scheme and data range.

Figure 8 - Magic Plate LabView Interface with a light shining onto the Magic Plate

This system will be used for IMRT measurements.
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Chapter 4 – Current-Voltage Characteristics

4.1 Method
The IV characteristics were taken using a Keithley 230 Programmable Voltage Source to
apply the detector bias, coupled with a Keithley 199 System DMM/scanner, Keithley 614
electrometer and a LabView interface. The interface allowed for automated
measurements to be performed, with the current of the diode to be recorded over an
increasing bias voltage where measurements were taken at specific voltage steps,
typically every half volt increment, over a specified range, usually 0 V to -110 V. This
range was selected to be the maximum voltage generated by the voltage source, and it
was negative to avoid positively biasing the detector.

The detectors were placed inside a sealed chamber that did not allow light to enter and
was kept at atmospheric pressure and at room temperature (~295 K).

Nine diodes were selected from the samples and mounted onto kapton carriers, five were
with guard rings, four without. The detectors without guard rings I-V characteristics were
measured in Experiment 1, while the set of five detectors with guard rings were used in
Experiments 2 – 6.
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4.1.1 Experiment Descriptions

Experiment 1: The bias set to the P+ region of the Diode without the Guard Ring, and
the diode is connected to the ammeter.

Variable Voltage
Source

Diode

Ammeter

Ground
Figure 9 – Measurement of I-V Characteristics Circuit Diagram:
Diode without Guard Ring

Experiment 2: The bias set to the P+ region, Diode connected to the ammeter and the
Guard ring grounded.

Guard Ring

Variable Voltage
Source

Diode

Ammeter

Ground
Figure 10 - Measurement of I-V Characteristics Circuit Diagram:
Diode with Guard Ring Grounded
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Experiment 3: The bias set to the P+ region, Diode connected to the ammeter and the
Guard ring floating (not connected).
Guard Ring

Variable Voltage
Source

Diode

Ammeter
Floating
Ground
Figure 11 - Measurement of I-V Characteristics Circuit Diagram:
Diode with Guard Ring Floating

Experiment 4: The bias set to the P+ region, Diode grounded and the Guard ring
connected to ammeter.

Guard Ring

Variable Voltage
Source

Diode

Ammeter
Ground
Figure 12 - Measurement of I-V Characteristics Circuit Diagram:
Guard Ring with Diode Grounded
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Experiment 5: The bias set to the P+ region, Diode floating and the Guard ring
connected to ammeter
Guard Ring

Variable Voltage
Source

Diode

Floating
Ammeter
Ground
Figure 13 - Measurement of I-V Characteristics Circuit Diagram:
Guard Ring with Diode Floating

Experiment 6: The bias set to the P+ region, Diode connected to the ammeter and the
Guard ring connected to a variable voltage source, with the guard ring biased, with
respect to the ground at 0 to 10V at +1V step intervals per measurement.

Guard Ring

Variable Voltage
Source

Diode

Ammeter

Ground
Figure 14 - Measurement of I-V Characteristics Circuit Diagram:
Diode with Guard Ring connected to variable voltage supply
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4.2 Results and Discussion
Experiment 1:

Figure 15 - I-V Characteristic of Diode without Guard Ring (0 to 110 V)

Figure 15 shows that the four diodes measured without the guard ring, the detectors
reverse current increases until the bias of around 100V is applied, where it then saturates.

Experiment 2:
Figure 17 shows a similar behaviour of the guard ring grounded, where the current
decreases and saturates at a high voltage, around 100V. It is however, extremely different
to the diode without the guard ring, as can be seen over the range 0V to around 10V in
Figure 16, where there is a negative current, suggesting that this is due to the interaction
of the diode and the guard ring, where current is being directed through the guard ring
instead of the diode.
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Figure 16 - I-V Characteristic of Diode with Guard Ring grounded (0 to 10V)

Figure 17 - I-V Characteristic of Diode with Guard Ring grounded (10 to 110V)
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Experiment 3:

Figure 18 - I-V Characteristic of Diode with Guard Ring Not Grounded (0 to 60V)

The result of experiment three shows that the I-V characteristics of the diode with the
guard ring Not Grounded shows a similar shape but of an order of magnitude larger than
those of the diodes without guard rings.
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Experiment 4:

Figure 19 - I-V Characteristic of Guard Ring with Diode grounded (0 to 60V)

Figure 20 - I-V Characteristic of Guard Ring with Diode grounded (0 to 12V)
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Figure 21 - I-V Characteristic of Guard Ring with Diode grounded (10 to 60V)

The I-V characteristics of the p+ region and the guard ring with the detector grounded has
the same shape but has a much lower leakage current, possibly due to the shape of the
guard ring encompassing the detector.
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Experiment 5:

Figure 22 - I-V Characteristic of Guard Ring with Diode Not Grounded (0 to 60V)

Experiments four and five’s results, Figure 19 to Figure 22, show that performing the IV
characterisitics on the n+ guard ring and grounding the diode or keeping it floating,
shows agreeable results with experiments two and three.

- 34 -

Experiment 6:
Positive Voltage applied to Guard ring

Figure 23- I-V Characteristics of Diode with Guard Ring attached to a Variable DC Voltage Supply
(0 to 60V)
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Positive Voltage applied to Guard ring

Figure 24 - Figure 18- I-V Characteristics of Diode with Guard Ring attached to a Variable DC
Voltage Supply (0 to 20V)

It is seen that applying a positive bias to the guard ring increases the current flowing
through diode to the order of milliamps, similar to behaviour of a diode in forward
polarisation. This may mean there is a technological problem between the n+ guard ring
and the surrounding p type junction, allowing for a connective path due to superficial
defects or during the gettering process of fabrication.
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Positive Voltage applied to Guard ring

Figure 25 - Figure 18- I-V Characteristics of Diode with Guard Ring attached to a Variable DC
Voltage Supply (10 to 60V)

Biasing the guard ring in experiment six shows that with increased positive bias on the
guard ring, the lower effect of the leakage current at the start of the curve, Figure 23. This
is agreeable with the results of experiment two, because as there is now a positive bias on
the guard ring, there is a larger increase of charge carriers from the diode being collected
at the guard ring, and a larger negative bias at the p+ substrate is needed to overcome that
effect. It is also noted that applying a positive bias at the guard ring increases the current
to the diode from approximately 0.1 microamps to 1 milliamp and that there is a
saturation at low voltages. This is due to the limitations of the current measuring system
which shows a flat region until the current reaches a level which can be measured.
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Figure 26 - I-V Characteristics of Diode with Guard Ring Grounded, Not Grounded and no Guard
Ring

In comparison with the different guard ring configurations and the detector without the
guard ring, it is seen that when the guard ring is grounded, it effectively minimises
leakage current over the range of 15 to 90 V. However, leaving the guard ring floating
(not grounded) greatly increases the leakage current.

Reverse Breakdown Voltage
As seen in Appendix 2, the breakdown voltage is determined by the impurity
concentration of the p-type epitaxial layer. As the impurity concentration is of the order
of 1014/cm3, it can be seen that the applied bias voltage to achieve breakdown is around
1000V. Due to the limitations of the I-V characterisation system, which only allows for a
range of 0 to 110, a reverse breakdown voltage is not expected to be observed.
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4.4 Conclusion
Comparing at the operating voltage of 20 V, for the three configurations the leakage
currents are found to be 0.074 ± 0.022 nA, 0.675 ± 0.485 nA and 0.109 ± 0.031 nA for the
guard ring grounded, floating and no guard ring respectively. It is also noted that in the
voltage range of 0-10V while the guard ring is grounded, there is an effect where current
is being directed from the diode towards ground, through the guard ring.

Errors are due to the differences between samples, such as imperfections and inability to
make exact reproductions during fabrication and also in the process of mounting the
detectors to kapton carriers to perform measurements. Temperature variation will have
also played a part in the fluctuations during measurement as increased temperature would
have lead to an increase in the amount of carriers and hence leakage current. These errors
could have been minimised by increasing the sample size of the detectors used in
measurements, ensuring that their connection onto the kapton carriers was adequate and
also by measuring the temperature variation over measurements.

Although the difference between the reverse current – voltage characteristics between the
diode with no guard ring and when the guard ring is kept grounded is minimal, it shows
that a guard ring can minimise leakage current. Keeping the guard ring not grounded
however increases the leakage current substantially, indicating that this configuration will
be unsuitable for spectroscopy and for clinical detector usage.
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Chapter 5 – Capacitance Voltage Characteristics

5.1 Method
The Capacitance Voltage (C-V) measurements were performed using a Boonton 7200
Bridge Capacitance Meter. The meter imposes a 1 MHz sine wave onto the low detector
input and then employs two phase sensitive detectors to determine the parallel
capacitance of the detector over a range of voltages, in this case 0 to 50V.

The following C-V Characteristics were taken:
•

The Epitaxial Diode without Guard Ring

•

The Epitaxial Diode with the Guard Ring grounded

•

The Epitaxial Diode with the Guard Ring Not Grounded

Using this data, the inverse of the capacitance squared against bias voltage is plotted,
showing the bias voltage required to deplete the detector.
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5.2 Results and Discussion
No Guard Ring

Figure 27 - C-V Characteristics of Diode without Guard Ring (0 to 50V)

Figure 28 - 1/C2 of Diode without Guard Ring (0 to 50V)
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The C-V characteristics of the diodes without guard rings follow the expected shape
given by

C=

qε s N eff
εs
=
W
2(Vbi − V )

(6)

Plotting the 1/C2 verse bias voltage does not exactly give a straight line as expected,
Figure 30, and this is most likely due to the diode not being a straight p-n junction, and
having differing effects due to the diode structure. Capacitance differences between the
samples of no guard rings are of the order of 1 pF.

Guard Ring Grounded

Figure 29 - C-V Characteristics of Diode with Guard Ring grounded (0 to 50V)
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Figure 30 - 1/C2 of Diode with Guard Ring grounded (0 to 50V)

For a bias of 20V, the capacitance is found to be 3.32±0.12 pF when the guard ring is
grounded, while at the same bias, the diodes without guard rings have a capacitacne
6.49±0.36 pF. Grounding the guard ring gives an overall decrease in the capacitance in
comparison to the detectors without guard rings at the same voltages.
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Guard Ring Not Grounded

Figure 31 - C-V Characteristics of Diode with Guard Ring Not Grounded (0 to 50V)

Figure 32 – 1/C2 of Diode with Guard Ring Not Grounded (0 to 50V)
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Capacitance spikes occur around 2V and 6V for three out of the 4 detectors measured
when the guard ring was left floating (not grounded). On the other detector measurement,
these spikes were nonexistent indicating that this may be due to differences created
during manufacture or more likely, the connections between the detector and the kapton
carriers resulting in spikes of capacitance.

Figure 33 - C-V Characteristics of Diode with Guard Ring floating (0 to 50V)

Figure 34 - 1/C2 of Diode with Guard Ring Not Grounded (0 to 50V)
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Figure 35 - C-V Characteristics of Diode with Guard Ring Grounded (Sample 5), Not Grounded
(Sample 5) and no Guard Ring (Sample 5)

Comparing the Capacitance-Voltage characteristics of the diodes and their set ups, it is
seen that the diode with the guard ring grounded has the lowest capacitance over the
voltage range.

Figure 36 - 1/C2 Characteristics of Diode with Guard Ring Grounded, Not Grounded and no Guard
Ring
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Analysing the 1/C2 characteristics of the detector with different configurations yields the
voltage required to deplete the detector. For the detectors with no guard ring and have the
guard ring floating, the depletion voltage was found to be approximately 10 V, while with
the guard ring grounded, it was found to be higher, at approximately 17 V.

5.3 Conclusion
From this experiment, the depletion voltages of the detectors were determined for the
detector with no guard ring, the guard ring grounded and, the guard ring not grounded.
The voltage required to deplete the detector is used as a minimum voltage to obtain a
suitable charge collection. These were found to be 10 ± 2 V for the detector without guard
ring and the guard ring floating, and 17 ± 4 V for the detector with the guard ring
grounded.

Sources of error in these measurements are similar to those when making I-V
characteristics. Additional sources of error specific to this experiment are the difficulty in
zeroing the capacitance meter to the measurement chamber and connection wires within,
and the impact on the intrinsic capacitance the kapton carrier itself has when the detector
is connected.
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Chapter 6 – Diode Array I-V Characteristics

6.1 Method
Using the Magic Plate LabView read out system, and keep the array in the dark to limit
any visible radiation, we were able to determine the baseline reading of the detector with
and without the guard ring grounded. It was however seen that increasing the bias voltage
over the range 0 to 50V caused noise to affect certain channels giving a false signal,
while the majority of channels stayed at 0 counts. Taking the channels that stayed at 0 to
be stable detectors, the I-V characteristics of the detectors that spiked were taken.

Figure 37 - Detectors counts for increased Bias Voltage over 121 Channels

Following the described method in Chapter 4 – Current-Voltage Characteristics, the two
11x11 detector arrays were characterised, with the guard ring left floating and grounded.
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6.2 Results and Discussion
Performing the I-V characteristics on the stable channels of the Magic Plate Arrays
shows the reverse current for the guard ring grounded is the lowest, the detectors without
the guard ring low, and the leaving the guard ring floating gives the largest leakage
current.

Figure 38 - I-V characteristics of the Detector Array for the Guard Ring grounded, Not Grounded
and without the Guard Ring for the Stable Channels

Stable Channels were selected at random from channels displaying a zero reading in
Figure 37, and I-V results represents an average of 5 channels.
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No Guard Ring

Figure 39 - I-V characteristics of the Detector Array with No Guard Ring

Figure 39 shows the I-V characteristics comparison between the diodes within the stable
channels and diodes that have high noise during background readings. The numbers of
the channel indicate the detector which is connected within the magic plate array board
(Picture 5)

As can be seen from Figure 39, the stable channels have a much lower leakage current
that the noisier channels.
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Guard Ring Grounded

Figure 40 - I-V characteristics of the Detector Array with Guard Ring Grounded (0-15V) Selected
Channels 2- 12

Figure 41 - I-V characteristics of the Detector Array with Guard Ring Grounded (15-60V) Selected
Channels 2- 12
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Figure 42 - I-V characteristics of the Detector Array with Guard Ring Grounded (0-15V) Selected
Channels 13 - 68

Figure 43 - I-V characteristics of the Detector Array with Guard Ring Grounded (15-60V) Selected
Channels 13- 68
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Figure 44 - I-V characteristics of the Detector Array with Guard Ring Grounded (0 - 15V) Selected
Channels 78 - 117

Figure 45 - I-V characteristics of the Detector Array with Guard Ring Grounded (15-60V) Selected
Channels 78 – 117
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As can be seen from Figure 40 to Figure 45, the leakage currents vary from channel to
channel, and there may be a trend of decreased reversed current with larger channel
numbers, which may be have to do with the actually board connection and pins.

Guard Ring Not Grounded

Figure 46 - I-V characteristics of the Detector Array with Guard Ring Not Grounded (0 - 60V)
Selected Channels 2 – 12
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Figure 47 - I-V characteristics of the Detector Array with Guard Ring Not Grounded (0 - 60V)
Selected Channels 13 - 59

Figure 48 - I-V characteristics of the Detector Array with Guard Ring Not Grounded (0 - 60V)
Selected Channels 68 – 117
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Again it can be seen that the reverse I-V characteristics vary when the guard ring is left
floating (not grounded) and also display the characteristic bend at around 15 volts seen
when the guard ring is left floating. The effect of the leakage current decreasing for
channel number is also seen as in the guard ring floating.

Figure 49 - I-V characteristics of the Detector Array for the Guard Ring Grounded, Not Grounded
and without Guard Ring

A comparison of the leakage currents of both detector boards, with the guard ring left
floating and grounded shows that overall, the guard ring grounded displays the lowest
leakage current, with the board with the no guard ring slightly higher and, having the
guard ring left floating increases the reverse current substantially.
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6.3 Conclusion
There seems to be a correlation between the baseline measured by the readout system and
the I-V characteristics of the single diodes, and overall, based on the following results, it
is obvious that the leaving the guard ring floating will drastically increase the reverse
current, and hence the noise seen. Variation in the I-V characteristics between individual
channels under the same configuration is most likely due to variations within each
detector, due to the manufacturing process and also could be due to their placement onto
the magic plate array board and connections. Also, variation in temperature could affect
the diode and array tracks and perhaps even leakage of the light shielding during
measurement, which may have occurred, would have substantially increased these
results.
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Chapter 7 – Ion Beam Induced Charge Collection

7.1 The ANSTO high energy heavy ion microprobe overview
The alpha particles used in the experiment begin within an alpha-tross ion source. Alpha
particles and protons are generated by ionizing either Hydrogen or Helium gas through a
radiofrequency field, where positive ions can be extracted from the plasma and passed
through rubidium vapour. The ions, in this experiment, Helium, become negatively
charged as they pass through the vapour, and are then accelerated to keV energies [19].

Using electrostatic plate deflection, the beam is directed towards the low energy flange of
the van de Graaf accelerator, where it is then brought to MeV energies. This acceleration
to MeV energies uses two stages: the negative ions are attracted to a positive terminal,
and then through a stripping gas, which removes the most of the electrons. This in turn
causes the ions to then be accelerated away from the positive terminal and exits at the
high energy flange of the van de Graaf accelerator.

The beam then passes through a series of slits, adjustable jaws and faraday cups to
measure and limit the current, or intensity, of the beam and to align and shape it to the
desired micro sized field of view. An Oxford Microbeams magnetic quadrupole triplet is
used to control the raster scanning of the target. This scanning is computer controlled,
and the coordinates of each beam point at specific time can be determined. The target
chamber is an octagonal stainless steel vacuum chamber in which two ports are employed
to position the target into the path of the micro beam, and to have a feed-through system
for the system electronics. A video camera is used to correctly align the target within the
beam’s scanning region.
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Figure 50 - The ANTARES Microbeam Profile

Figure obtained from [18]

7.2 Experimental Setup

The Silicon Diodes were placed on an Aluminium board to be used as the target and
connected to an Amptek A250 charge sensitive pre-amplifier. The output of the pre-amp
was connected to Ortec Spectroscopy amplifier and shaper, and finally to the system’s
Multi-channel Analyser (MCA). The Ion Beam Induced Charge Collection (IBICC)
system was able to receive the energy deposition information from the multi-channel
analyser and couple each event within the detector to the spatial coordinates of the beam
at the point the event occurred.

Thus, an energy spectrum can be obtained, with details about where regions of the actual
detector recorded particular energies. Using the tailored software supplied by the IBA
group, it is possible to create a 2 dimensional map where events occurred within a
specified energy window of the spectrum.

Using a gain of 50 and 1 microsecond shaping time for the amplifier, the spectra were
recorded for the detector bias: -20V, -30V, -50V, -75V and -100V. Measurements of the
diode without a guard ring were taken, followed by measurements of the diode with a
guard ring, and each spectrum taken for the guard ring grounded and guard ring floating.
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7.2.1 Calibration

Calibration of the MCA spectrum was performed using an Ortec Precision Pulse
Generator into the preamplifier and subsequent electronic systems. Pulses corresponding
to the energies, 0.1, 0.2, 0.4 and 0.5 MeV were inputted into the A250 board and were
registered by the MCA. Tabulating the corresponding MCA channel number with each
energy pulse, graphing the data and then fitting a linear trend line, a calibration for the
MCA can be made. This calibration is dependent on the electronics and settings, such as
the amplifier gain and shaping time.

Figure 51 - Energy to Channel Calibration of the IBICC MCA using a Pulse Generator
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7.3 Results and Discussion

The x-y buildup colour maps for the range of biased voltages (0 to -100 V) are extremely
similar throughout, with slight differences in intensity recorded, due to having a non
constant acquisition time and hence, constant total of counts, and different recorded
energies at these peaks. The spectra shift towards the right with increasing detector bias,
which is expected due to greater charge collection efficiency. For the main peak (ROI –
31), the Charge Collection Efficiency (CCE) was determined for each voltages.

7.3.1 Charge Collection Efficiency
Ion Beam Energy – 4.5 MeV

Table 1 – Centroid Energy of Highest Energy Peak for Bias Voltages

Biased

Guard

CCE (%)

Guard

CCE (%)

No Guard

Voltage

Ring

Ring

Ring

Floating

Grounded

(MeV)

(MeV)

(MeV)

CCE (%)

- 20 V

4.11

91.3

4.20

93.3

4.25

94.4

- 30 V

4.18

93.0

4.27

94.9

4.30

95.6

- 50 V

4.25

94.4

4.34

96.4

4.36

96.9

- 75 V

4.30

95.6

4.39

97.6

4.39

97.6

- 100 V

4.33

96.2

4.42

98.2

4.42

98.2
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Figure 52 - The Charge Collection Efficiency of the Diodes as a function of Bias Voltage, Normalised
to 4.5 MeV beam energy

From these results, it can be seen that the effect of the guard ring actually decreases the
charge collection efficiency of the diode. Although the detector is close to being
completely depleted by 20 volts, giving a maximum volume to deposit all the energy
completely within the detector, there are most likely carrier losses due to uptake of
charge by the guard ring. Increasing the bias voltage increases the charge collection
efficiency as more charge is forced through the diode.

- 62 -

7.3.2 Spectra and Region of Interest Colour maps:
Bias -30V: No Guard Ring
Energy (MeV)

Counts

MCA Channel Number
Figure 53 - Counts Vs. Energy Spectra of 4.5 MeV Ion Beam, Diode without Guard Ring biased at
30V
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Measurements were acquired with varying measurement times due to differing beam
intensities brought on by technical issues such as beam collimators heating and
expanding, thus narrowing the slits.

When an event is recorded by the MCA, the corresponding X-Y coordinates are also
logged with the event. Over the acquisition, as the beam scans the detector, events of
certain energies occur in specific places on the detector. When enough events have been
collected, for a specified energy range, these events can be placed into a 2-D colour map,
where colour is assigned based on numbers of events with large numbers detector having
a larger tint.

Thus, it can be seen the actual position of a detector where the maximum energy was
recorded, and also regions of lower energies. Through this, the sensitive region of the
detector can be determined by creating a 2-D colour map of the highest energy peak.
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Figure 54 - Intensity Colour Map with the Entire Spectra as Region of Interest

Figure 55 - Colour Map with the low energy peak
as Region of Interest (0.5 MeV to 1 MeV)

Figure 56 -Colour Map with the plateau region as
Region of Interest (1 MeV to 4 MeV)

Figure 57 - Colour Map with the second highest
energy peak as Region of Interest (4 MeV to 4.15
MeV)

Figure 58 - Colour Map with the highest peak as
Region of Interest (4.15 MeV to 4.4 MeV)
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Bias -30V: Guard Ring Grounded
Energy (MeV)

Counts

MCA Channel Number
Figure 59 - Counts Vs. Energy Spectra of 4.5 MeV Ion Beam, Diode biased at 30V with Guard Ring
grounded

Figure 60 - Colour Map with the Entire Spectra as Region of Interest
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Figure 61 - Colour Map with the low energy

Figure 62 - Colour Map with the plateau region

peak as Region of Interest (0.45 MeV to 1.05

as Region of Interest (1.05 MeV to 3.95 MeV)

MeV)

Figure 63 - Colour Map with the second highest

Figure 64 - Colour Map with the highest peak as

energy peak as Region of Interest (3.9 MeV to

Region of Interest (4.15 MeV to 4.4 MeV

4.15 MeV)
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Bias -30V: Guard Ring Floating
Energy (MeV)

Counts

MCA Channel Number
Figure 65 - Counts Vs Energy Spectra of 4.5 MeV Ion Beam, Diode biased at 30V with Guard Ring
floating

Figure 66 - Colour Map with the Entire Spectra as Region of Interest
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Figure 67 - Colour Map with the low energy

Figure 68 - Colour Map with the plateau region

peak as Region of Interest (0.45 MeV to 1.05

as Region of Interest (1.05 MeV to 3.8 MeV)

MeV)

Figure 69 - Colour Map with the second highest

Figure 70 - Colour Map with the highest peak as

energy peak as Region of Interest (3.8 MeV to

Region of Interest (4.05 MeV to 4.25 MeV)

4.05 MeV)
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7.3.3 Colour maps of Highest Energy peak
Bias Voltage: -20 V
No Guard Ring

Guard Ring Floating

Guard Ring Grounded

Figure 71 - Intensity Colour map corresponding to 4.5 MeV Ion Beam for detectors biased at 20 V

Bias Voltage: -30 V
No Guard Ring

Guard Ring Floating

Guard Ring Grounded

Figure 72 - Intensity Colour map corresponding to 4.5 MeV Ion Beam for detectors biased at 30 V
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Bias Voltage: -50 V
No Guard Ring

Guard Ring Floating

Guard Ring Grounded

Figure 73 - Intensity Colour map corresponding to 4.5 MeV Ion Beam for detectors biased at 50 V

Bias Voltage: -75 V
No Guard Ring

Guard Ring Floating

Guard Ring Grounded

Figure 74 - Intensity Colour map corresponding to 4.5 MeV Ion Beam for detectors biased at 75 V
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Bias Voltage: -100 V
No Guard Ring

Guard Ring Floating

Guard Ring Grounded

Figure 75 - Intensity Colour map corresponding to 4.5 MeV Ion Beam for detectors biased at 100 V

Interestingly, it can be seen from Figure 71 to Figure 75, that the effect of the guard ring
appears to be negligible on the spatial distribution of charge collection within the main
peak. As seen from Table 1 the only effect the guard ring seems to have on the collection
within the main peak is the actual energy registered here.

Current through the guard ring
It was noted during the I-V characterisation of the diode with the guard ring grounded,
that during the voltage range of 0-10V, the guard ring drew current away from the diode.
The consequences of this effect became apparent during the IBICC study, as attempting
to operate the diode within this voltage range yielded no signal whatsoever. It became
apparent that charge created due to interactions within the diode was directed straight to
ground.
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7.4 Conclusion
The effect of the guard ring has been seen to limit the charge collection efficiency within
the epitaxial diode due to the minimised sensitive volume of the diodes with guard rings,
that the radiation can be deposited. However, increasing the bias voltage, and hence
increasing the depletion region, we can improve the CCE to up to 98%. The detector
without the guard ring already has a higher CCE compared to the detector with the guard
ring grounded at normal operation voltage (~20V) of around 1%, but at higher voltages
the differences between the CCE becomes minimal.

It is also noted that the effect of the guard ring upon the spatial distribution of charge
collected within the main peak of the spectrometry, is negligible. This indicates that in
actual use of the diode as a radiation detector, the guard ring is not working as desired
and the effect on the sensitive volume, in comparison to the detector without the guard
ring is negligible.

The guard ring ground creates also a modification of the polarization conditions of the
diode. This is clear not only from the CCE study which shows that the radiation can be
detected only after when a minimum voltage is applied to the diode but also from the I-V
characteristics, in which the reverse current is positive only after the same threshold of
approximately 10V. Thus it is concluded that the detector in this configuration cannot be
run in passive mode (0 bias).

Experimental results can be improved by performing the measurements with other
samples, but this may not be as feasible due to the costs in running IBICC experiments.
Also, having a set method for acquisition, such as set acquisition times, or the amount of
counts per measurement would improve 2D histograms of the build up regions, and
would also minimise the signal to noise ratio within the spectra.
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Chapter 8 – Medical Linear Accelerator Experiments

Picture 6 - Colleague Sami with Diode and Electronic system with Varian Linac at the Illawarra
Cancer Care Centre

8.1 Introduction and Method
A Varian 2100C Linear Accelerator (LINAC) was used to irradiate the detector with 6
MeV X-rays. Using an FPGA and an acquisition system designed at the CMRP, a single
diode was placed on top of a Perspex phantom. Diode without guard ring has been used
and biased to -20V, and was fitted into a grove in the Perspex so that it was flat relative to
its surface.
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Picture 7 - Diode detector in Perspex phantom, fitted with Kapton tape

The first experiment performed was the dose rate dependency. 10 cm of solid water were
placed onto the bench with the Perspex and detector placed on top. Above this was
another 15 mm of solid water to assure that the detector was at d max (the tissue depth at
which the maximum radiation dose is delivered for a set energy at a specific distance
from the source) and would hence receive the maximum dose after the build-up region. It
was then placed at a Source to Surface Distance (SSD) of 89 cm, with a 10cm by 10cm
beam field size within the beam line. The total dose delivered to the detector was kept at
50 MU, and the dose rate was varied from 600 MU/min to 400 MU/min, 300 MU/min,
200 MU/min and 100 MU/min. Each measurement was repeated 3 times.

The second experiment performed was the linearity of the detector response over varying
total dose irradiated. The SSD was kept at 89 cm, and the dose rate set at 600 MU/min.
The detector response was then measured for 1 MU, 2 MU, 4 MU, 8 MU, 10 MU, 20
MU, 50 MU and 100 MU. The detector should exhibit linear dose dependence.
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The third experiment performed was the response of the detector with varying SSD. The
detector was placed at 15mm depth under solid water, and irradiated at 600 MU/min at a
total dose of 50 MU. The SSD was then varied from 140 cm, 130 cm, 120 cm, 110 cm,
100 cm, 89 cm and 75.6 cm.

The fourth experiment is the depth dose dependence, with keeping the SSD at 100 cm, 50
MU and at a rate of 600 MU/min, and varying the depth of the detector in the solid water
phantom. Dose was measured at the surface, within the build-up region, at d max , 15 mm,
and further depths, which correspond to standard measurements with respect to ion
chamber measurements.

Picture 8 - Depth Dose Measurements with Diode placed at depth 120 mm in solid water
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8.3 Results and Discussion
Experiment 1: Detector response with varying dose rate

Figure 76 - Relative diode response to varying dose rate

Normalising the detector response to the response measured at dose rate 600 MU/min, we
find that the there is a minimal impact upon varying dose rate. All measurements have an
error of 5.9-6.3%. Errors were due to the fluctuations in baseline measurement over time
due to deviations in the electronic temperatures, and due to variations in response
measured per linac pulse.
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Experiment 2: Detector response over varying dose delivered (in MU)

Figure 77 - Detector Response of varying dose (MU), at constant SSD and Dose rate, displaying a
linear behavior

This result shows there is a linear response of the detector on the range of 0 to 100 MU
dose delivered, normalized to 1 MU. This is important as this covers the range of dose
delivered in typical treatments.
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Experiment 3: Relative dose response of detector of varying SSD to observe 1/r2

Figure 78 - Detector Response with varying Source to Surface Distance comparing to 1/r2,
normalized at 100 cm

Figure 78 shows that varying the source to surface distance while keeping the detector at
d max . The decrease in the response is due to the inverse square law principle, which states
that radiation intensity is reduced with the square of the distance of the source.
Normalising the detector response and comparing it to the plot of 1/r2 shows an exact
agreement.
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Experiment 4: Depth Dose Percentage including the buildup region, and
comparison to an ion chamber at 100 cm SSD.

Figure 79 - Depth Dose Dependence of Diode, Normalised to 100mm, compared to Ion Chamber

The percentage depth dose curves are similar to the data from an Attix Ion Chamber
measurement within error. Attix Ion chamber data are taken from [4]. The data is
normalized to 100 mm depth as at this larger distance, there is a much lower error due to
the thickness of the detector in respect to measuring the depth and the lower dose
gradient measured at this point in comparison with at d max .
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Figure 80 - Percentage Depth Dose curve within the build-up region (0-15mm), normalized to dose at
100mm

The build-up region curve has an over response in comparison with the ionization
chamber, which is due to the diode being much more sensitive to steep dose gradients,
which is what is seen in the build-up region, compared to the ionization chamber which
geometry minimizes the spatial resolution and does a dose averaging over the volume.
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8.4 Conclusion
These experiments have shown that there is minimal, if any, dependence of the response
of the detector on varying beam dose rates, a linear response between dose delivered and
detector output, and also a good fit between varying SSD and the expect 1/r2 behaviour.

Overall, there is a good correlation of results produced between the silicon epitaxial diode
in comparison with data from ionisation chamber measurements for percentage depth
dose. There is however, a slight over response within the build up region, which is mostly
likely due to the diode having a smaller active volume than the ion chamber, and much
more sensitive to high dose gradient. Also, a higher dose gradient means that positioning
of the detector must be exact so the centre of the detector interactions is placed at the
correct depth; however this is very difficult due to its thickness and placement.

- 82 -

Chapter 9 – Conclusion and Future Work
The aim of this study was to characterise the Silicon Epitaxial Diode, with and without a
guard ring, through determining its electrical characteristics, its charge collection
efficiency and analyse how it performs under clinical conditions and determine the
detectors suitability to be used as a dosimeter in IMRT dose verification quality
assurance.

An analysis of the current-voltage and capacitance-voltage characteristics of the detector
with the guard ring floating, grounded and without the guard ring determined the
depletion bias and leakage currents over a range of voltages. The depletion voltages were
determined to be 10 ± 2 V for the detector without the guard ring and for the detector with
the guard ring kept floating, and 17 ± 4 V for the detector with the guard ring grounded.

Based on the results of the current-voltage curves, it was seen that the having the guard
ring grounded minimised the leakage current/noise over the range of voltages measured,
with the diode without the guard ring very close to it being as low. However, having the
guard ring floating substantially increased the leakage current, disqualifying this
configuration for suitable use in a clinical setting.

Current-Voltage characteristics of the magic plate yielded results that were consistent
with those of individual diodes. The grounded guard ring still showed a much lower
leakage current than the guard ring floating, and the diode without guard rings was
slightly higher than the guard ring floating.

- 83 -

The ion beam induced charge collection results yielded details on the charge collection
efficiency and the sensitive volume of the detector over the range of 20 to 100V. The
diode without the guard ring had the best overall charge collection efficiency, with the
guard ring grounded around less than 1% lower until over biasing this detector allowed
for CCE to be the same for detector without the guard ring. The diode with the guard ring
had a much lower CCE, which was about 2.5% lower than the diode without the guard
ring even at a large bias. It was also shown that the colour maps for the interactions of
highest energy occur in the same places for each detector configuration, indicating, that
there is minimal advantage in using the guard ring, as the spatial distribution of
interactions will be the same.

Selecting just the detector without the guard ring and seeing how it performs in a clinical
environment, under a medical linac at Wollongong hospital, the diode was shown to have
no dose rate dependence over the range of 100 to 600 MU/min and a linear response over
the measured dose range of 1 to 100 MU. Varying the SSD and keeping the detector at
15mm within solid water showed that the detector displayed a 1/r2 dependence, which is
to be expected as the beam intensity decreases by a geometrical factor at differing SSD.
The percentage depth dose measurements yielded a response of the detector that was
congruent with measurements taking with an ionisation chamber, within the experimental
error.

Seen in this study, the most suitable detector for use as a dosimeter is the detector without
the guard ring, as it has a low leakage current and hence, low noise, low depletion bias
and there is no advantage in using the guard ring to limit the sensitive volume of the
detector. Over biasing the detector at 20V yields a higher CCE than the other detectors
and shown through clinical studies it shows that it has results that are comparable to the
ionization chamber. Thus, the Silicon epitaxial diode is suitable for use for IMRT quality
assurance.

Future studies to be performed would be the sustainability of these detectors over long
term and variations in their response with use.
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Appendix
Appendix 1 - Resistivity vs impurity concentration of Silicon at 300K, from Sze S.M, Ng
K.K, “Semiconductor Devices: Physics and Technology”, 3rd Edition, John Wiley &
Sons, USA, 2007.
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Appendix 2 - Breakdown Voltage for a Si p+-p-n+ for different p impurity concetrations
from Sze S.M, Ng K.K, “Semiconductor Devices: Physics and Technology”, 3rd Edition,
John Wiley & Sons, USA, 2007.
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